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CONVERSION FACTORS

For the convenience of readers who may prefer to use metric (International
System) units rather than the inch-pound units used in this report, values may
be converted by using the following factors:

Multiply inch-pound unit by to obtain metric unit
inch (in.) 25.4 millimeter (mm)
foot (ft) 0.3048 meter (m)
acre 4,047 square meter (m")
9 0.4047 hectare (ha)
square mile (mi™) 259.0 hectare (ha) 9
2.590 square kilometer (km )

Sea Level: In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general
adjustment of the first-order level nets of both the United States and Canada,
formerly called Sea Level Datum of 1929.

To convert gegrees Fagrenheit (OF) to degrees Celsius (OC), use the following
equation: cC=5/9 (CF - 32).



CHARACTERIZATION AND SIMULATION OF RAINFALL-RUNOFF RELATIONS
FOR HEADWATER BASINS IN WESTERN KING AND

SNOHOMISH COUNTIES, WASHINGTON

By R.S. Dinicola

ABSTRACT

The characteristics of rainfall-runoff relations were hypothesized for the
study area as a whole by using existing information. In undisturbed areas,
shallow-subsurface flow from hillslopes mantled with glacial till, ground-
water flow from glacial outwash deposits, and saturation overland flow from
depressions, stream bottoms, and till-capped hilltops are the important runoff
mechanisms. In disturbed, primarily urban areas, Horton overland flow, which
is runoff generated from rain falling at a greater rate than the infiltration
rate of the soil, is a significant mechanism, along with overland flow from
impervious surfaces.

These hypothesized characteristics were incorporated into the Hydrologic
Simulation Program-FORTRAN (HSPF) simulation model, and the model was
calibrated concurrently at 21 stream-gage sites in the study area with
hydrologic data from the 1985-86 water years. The calibration resulted in 12
sets of generalized HSPF parameters, one set for each land-segment type with a
unique hydrologic response. The generalized parameters can be used with HSPF
to simulate runoff from most headwater basins within the study area.

The average standard errors of estimate for calibrated streamflow
simulation at all 21 sites were 7.9 percent for annual runoff, 11.2 percent
for winter runoff, 13.1 percent for spring runoff, 40.1 percent for summer
runoff, 21.7 percent for storm peak discharge, 21.4 percent for storm runoff
volume, and 42.3 percent for all daily mean discharges. High flows were
simulated more accurately than were low flows.

The simulation errors were not large enough to reject the hypothesized
rainfall-runoff relations.



INTRODUCTION

Urbanization can alter the runoff characteristics of a drainage basin in
many different ways (Savini and Kammerer, 1961), and construction of new
residential communities and related commercial facilities is proceeding
rapidly in the unincorporated areas of western King and Snohomish Counties,
Washington. Local planners and engineers are committed to minimizing any
adverse changes in runoff that may occur as a result of this urbanization.
Planning for urban development on a drainage basin scale and predicting the
potential hydrologic effects of this activity is one of their strategies for
minimizing problems.

One of the standards that local regulatory agencies use for mitigating the
effects of urban runoff is to limit post-development storm-runoff rates to the
runoff rates expected for predevelopment conditions. Because most of the
headwater drainage basins of interest have no stream discharge records, the
pre- and post-development runoff rates are commonly estimated by using a
rainfall-runoff hydrologic simulation model.

Many different types of rainfall-runoff hydrologic simulation models
currently are in use. Regardless of the specific model used, it should be
constructed to represent the spatial and temporal characteristics of rainfall-
runoff relatlons in the study areas, and its performance should be validated
within either the same study area, or at least in a physiographically and
climatically similar area. This study was centered on those goals, and it was
done in cooperation with the King County Department of Public Works, the
King County Department of Planning and Community Development, the Snohomish
County Department of Public Works, and the Municipality of Metropolitan
Seattle (METRO).

Purpose and Scope

The purpose of this study is to characterize and simulate rainfall-runoff
relations for headwater drainage basins in western King and Snohomish
Counties, Washington. The purpose of this report is to present the hypothe-
sized characteristics of the relations, and to describe the construction and
calibration of a computer model designed to simulate the relations. Data
collection for the study began in October 1984, and the part of the study
described in this report was completed in September 1987.

Acknowledgments

Personnel from the King County Department of Public Works, the King County
Department of Planning and Community Development, the Snohomish County
Department of Public Works, and the Municipality of Metropolitan Seattle
(METRO) have assisted with the design, data collection, and computer modeling
involved in this study. They will also have primary responsibility for
application of the results. A number of citizens from the counties have
allowed gage installations on their property and have recorded data for the
project. Their cooperation and assistance is appreciated.



Description of the Study Area

The study area is in the southeastern part of the Puget Sound Lowland in
Washington State (fig. 1). The Lowland consists of a broad, rolling glacial-
drift plain that merges eastward with foothills of the Cascade Range and is
cut abruptly by six major alluvial valleys. The surface of the drift plain is
covered mostly by deposits laid down about 15,000 years ago during the last
period of glaciation in the area (Crandell and others, 1965). The drift plain
is characterized by two common landform types: rolling, hilly glacial-till
plains, and generally level glacial-outwash bench lands. Numerous lakes,
swamps, and peat bogs occupy depressions on the till plains, whereas the
outwash plains are generally well drained.

The five drainage basins selected for data collection cover about 260 m12
(square miles) in the 1,200-square-mile area of the drift plain in western
King and Snohomish Counties. All the study basins are located on the drift
plain. The major alluvial valleys along the Green, Cedar, Sammamish,
Snoqualmie, Skykomish, and Snohomish Rivers are not included in the study
area.

Most soils on the drift plain have formed in the deposits of glacial till
and outwash. The till layer consists of 5 to 100 feet of dense basal, or
lodgement, till (sediments laid down under the pressure of overlying ice)
covered by a 3-foot-thick mantle of ablation till (sediments that settled from
the surface of melting ice). The till is commonly exposed at the surface in
the headwater areas of drainage basins, but it is usually buried beneath
outwash deposits or has been completely eroded away in the valley bottoms.
Highly permeable gravelly loam soils have formed in the loose ablation till,
but the basal till remains mostly intact as an underlying layer of low
permeability (locally referred to as 'hardpan’). The outwash (fluvial
sediments deposited beyond the receding terminus of the ice) consists of
unconsolidated deposits of gravel and sand that are 4 to 100 feet thick.
Highly permeable gravelly loam soils, underlain by a highly permeable
substratum, have formed in these deposits. Smaller areas of poorly drained
soils occur at places on the study area. These soils have formed in the
depressions on the till plains and in recently deposited alluvium in valley
bottoms.

The climate of the region is of the midlatitude, west-coast-marine type,
characterized by warm, dry summers, and cool, wet winters. The mean annual
temperature in the region is about 51 °F, and the mean monthly temperatures in
January and July are about 39 °F and 65 F, respectively (U.S. Department of
Commerce, 1982). Mean annual precipitation ranges from about 35 to 50 inches,
and most of it falls as rain (U.S. Weather Bureau, 1965). Seventy to 80
percent of the precipitation falls from October through May during long-
duration, light-to moderate-intensity storms. The relatively long wet season
and growing season are conducive to lush vegetation. Evergreen forests and
thick undergrowth blanket most of the study region. Potential evapotran-
spiration (PET) in the region averages about 25 inches annually, and actual
evapotranspiration (ET) averages about 18 to 20 inches. A soil-moisture
deficit generally occurs in July and August.
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METHODS OF STUDY

A quantitative understanding of how a drainage basin responds to
precipitation has proved to be elusive because of the complexity of the runoff
processes involved and the spatial and temporal variability of precipitation
and basin characteristics. A usual approach to understanding has been to
incorporate available knowledge about the processes into a conceptual model of
the system, and then to compare model-simulated results with observed data,
such as streamflow. With regard to standard scientific method, wherein
hypotheses are tested with measurements taken from carefully formulated,
controlled situations, this approach is difficult.

Hydrologic fluxes measured in the field, such as streamflow, are usually
basin-integrated responses, which do not often lead to clear understanding of
all the individual processes involved in generating the flux. Additionally,
many parameters in conceptual models cannot be measured independently in the
field, but need to be calibrated with the same data collected to test the
models. Regardless of these difficulties, simulation models of basin response
remain the only practical approach to make comparisons between runoff theory
and observations. The following methods were used to overcome some of the
limitations of this approach.

The methods used for this study included formulation of hypotheses
concerning rainfall-runoff relations in the study area, construction and
calibration of the simulation model, and validation of the simulation model
and the hypothesized rainfall-runoff relations.

Formulation of Hypotheses on Rainfall-Runoff Relations

The hypotheses concerning the character of rainfall-runoff relations in
the study area were formulated using information from published literature.
Previously tested runoff-generation theories were reviewed and analyzed with
respect to the climate, physiography, and land use in the study area. The
hypotheses were stated in general terms, applicable to the study area as a
whole rather than for any one specific drainage basin.

Description of the Simulation Model

The computer simulation model used to test these hypotheses was the
Hydrologic Simulation Program-FORTRAN (HSPF; U.S. Environmental Protection
Agency, 1984). It was selected for use in this study primarily because (1) it
can represent the hydrologic response to rainfall resulting from a number of
physical processes, including those hypothesized to be important in this study
area; (2) it simulates these responses continuously over time, rather than
just during storms; and (3) it is capable of simulating the hydraulics of the
complex natural and man-made drainage networks found in the study area.



The HSPF model incorporates a continuous water balance by tracking
precipitation through a conceptual hydrologic system of a drainage basin.
Ground-water recharge and discharge, shallow subsurface flow (interflow), and
overland flow are simulated, lagged, and combined as discharge into a drainage
network. The HSPF model does not simulate all of the relevant physical
processes in a rigorous scientific manner, but rather represents those
processes conceptually by using a series of interdependent nonlinear
reservoirs. The outflows from these reservoirs are routed through the
drainage network using a modified kinematic-wave mathematical algorithm. Any
water conveyance system with known and unchanging hydraulic characteristics
can be included in the network. This includes all streams, lakes, wetlands,
culverts, and pipes, where variable backwater conditions do not normally
occur.

Rainfall-runoff simulation with HSPF requires continuous records of
precipitation and estimates of potential evapotranspiration (PET) to drive the
model. Two general types of model parameters--physical-process-related and
fixed--are used to represent the hydrologic features and the physical
characteristics of a drainage basin. Process-related model parameters
represent the amount of precipitation intercepted by structures or vegetation,
the amount of water ponded on the surface or absorbed by forest litter, the
amount of water stored in the soil, the soil-infiltration rate, the
evapotranspiration rate, and the rates at which overland flow, interflow, and
ground-water flow drain from the land to the stream channel system.

The names of the process-related HSPF parameters and what they are
intended to represent are as follows:

CEPSC - Interception storage capacity of plants.

RETSC - Retention storage capacity of impervious areas.

UZSN - Upper-zone nominal storage. An index to the amount of depression and
surface layer storage of a pervious area.

LZSN - Lower-zone nominal storage. An index to the soil moisture holding
capacity.

INFILT - Infiltration capacity. An index to the infiltration capacity at the
soil surface, and an indirect index of the percolation rate from the
bottom of soil zone.

INTFW - Interflow index. In combination with INFILT, an index to the amount
of water that infiltrates and flows as shallow subsurface runoff.

INFEXP - Infiltration equation exponent. Controls the rate at which
infiltration decreases with increasing soil moisture.

INFILD - Ratio of the maximum to mean infiltration rate of a pervious area.
Accounts for the degree of variations in the infiltration capacity.

LZETP - Lower-zone ET. An index to the density of deep-rooted vegetation on
a pervious area.

BASETP - Fraction of available-PET demand that can be met with ground-water
outflow. Simulates ET from riparian vegetation.

AGWETP - Fraction of available-PET demand that can be met with stored ground
water. Simulates ET from phreatophytes in general.

LSUR - Average length of the overland flow plane.
SLSUR - Average slope of the overland flow plane.
NSUR - Average roughness of the overland flow plane.



IRC - Interflow recession parameter. An index of the rate at which shallow
subsurface flow drains from the land.
AGWRC - Ground-water recession parameter. An index of the rate at which
ground water drains from the land.

KVARY - Ground-water outflow modifier. An index of how much influence recent
recharge has on ground-water outflow.
DEEPFR - Fraction of ground water that does not discharge to the surface

within the boundaries of the modeled area.

Few of the process-related parameters have easily measurable physical analogs,
so they are first estimated from available physiographic data and from the
results of previous modeling studies, and then refined through calibration.

Fixed model parameters represent the areal extent of certain soil types,
the amount of impervious area, the hydraulic characteristics of the drainage
network, and other measurable features of a drainage basin. These parameters
do have measurable physical analogs, so they remain unchanged during model
calibration. They can be modified when different basin conditions, such as
urbanization, are to be represented during an engineering application of the
model.

Construction of the Simulation Model

The hypothesized rainfall-runoff characteristics were incorporated into
the HSPF framework by using a distributed-parameter approach. This approach
required division of a drainage basin into land segments, each with relatively
uniform physical and hydrologic characteristics (Leavesley and others, 1983).
All the area of a particular land segment need not be contiguous, so it was
possible to represent complex mosaics of soil types, vegetative cover,
topography, and land use by using a relatively few number of segments.
Because characterization and simulation of generalized rainfall-runoff
relations was the objective of this study, it was necessary to delineate
enough land segments to represent all of the major physical and hydrologic
characteristics found throughout the entire study area.

The goal of the segmentation scheme was to construct a conceptual model
with the minimum number of land segments needed to simulate the physical and
hydrologic processes of any upland drainage basin in the study area. This, in
turn, reduced the number of parameters that required calibration, and led to a
more realistic portrayal of the hypothesized processes that could be
adequately tested with observed streamflow data.

GCalibration of the Simulation Model

As previously mentioned, most of the process-related parameters in the
simulation model have no measurable physical analogs, so they must be
determined through calibration to observed data. The following data were
collected in support of the calibration effort.



Five drainage basins--Quilceda Creek basin, North Creek basin, Swamp Creek
basin, Bear Creek-Evans Creek basin, and Big Soos Creek basin--were gaged for
model calibration (figs. 2-7). They were selected for study because they have
soil, geologic, topographic, and land-use characteristics typical of the study
area as a whole. Rainfall accumulation data were collected continuously at
15-minute intervals during the 1985-86 water years (a period of 12 consecutive
months starting on October 1 of a year and ending September 30 of the
following year) at 12 sites within these five basinﬁ (figs. 2-7). The density
of rain-gage locations was about one gage per 10 mi” in all basins. Pan-
evaporation data for March through October were obtained from the National
Weather Service Class A evaporation pan site near Puyallup, Washington. Data
from the pan were adjusted by a pan coefficient of 0.75 to represent PET
(Farnsworth and Thompson, 1982). PET data for November through February were
estimated by using a version of the Jensen-Haise equations (Bauer and Vaccaro,
1986). Temperature data from the National Weather Service station at the
Seattle-Tacoma International Airport (SEATAC) were used in the Jensen-Haise
PET calculations. The PET data were not adjusted across the study area
because the mean annual temperature Iin the area varies only by about 1 'F
(U.S. Department of Commerce, 1982).

Streamflow data were collected continuously at l5-minute intervals during
the 1985-86 water years at 21 sites in the 5 basins gaged for model 2
calibration (figs. 2-7). The gaged areas ranged from 1.28 to 65.8 mi™.
Additionally, estimates of instantaneous peak discharge were made a few times
each year at 26 crest-stage gage sites throughout the study basins (figs. 2-
7). Stage data were also collected about once weekly at 20 lakes and
perennial wetlands in the basins. The streamflow data obtained for
calibration of process-related parameters in the five basins are published
elsewhere (U.S. Geological Survey, 1988).

In general, the objective of the calibration process was to do an initial
test of the validity of the rainfall-runoff hypotheses over the study area as
a whole. The hypotheses were incorporated into the simulation model by use of
distributed land segments, each with its own postulated unique hydrologic
response. During the calibration process, the condition was imposed that the
set of process-related parameters used to simulate one type of land segment
had to be numerically the same in all calibration basins where that particular
land segment was present. The result of imposing this condition is that if
the simulation model could be adequately calibrated within the constraints of
the defined land segments, then the hypothesized rainfall-runoff relations
underlying the segmentation scheme could be accepted conditionally, subject to
further validation. Conversely, if the simulation model could not be
adequately calibrated, then the hypothesized relations were rejected.

The more specific goal of model calibration was to adjust the process-
related HSPF parameters so that streamflow simulated at the 21 gage sites
closely matched observed streamflow from those sites. This involved doing a
series of trial and error adjustments of the parameters while trying to
minimize the errors between simulated and observed streamflow data. A
computerized optimization routine was not available for this calibration of
the HSPF model, and it was outside the scope of this project to develop such a
routine. However, manual optimization was performed by minimizing a number of
different statistics describing various attributes of the simulation errors.
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The HSPF model was calibrated concurrently for all 21 stream-gage sites in
order to determine regionally consistent process-related parameters. As
stated in the imposed condition, a given set of parameters characterizing a
given type of land segment were held constant for each trial calibration in
all basins where that segment existed, and subsequent adjustments of the
parameters were likewise made consistently in all basins.

Validation of the Simulation Model

A proxy-basin test of the simulation model, and hence the rainfall-runoff
relations incorporated therein, was designed to circumvent the dilemma that
the model was both calibrated and initially tested with the same data sets.
The proxy-basin test involves collecting streamflow and rainfall data from
three other drainage basins physiographically similar to those used for model
calibration, applying the previously calibrated simulation model to 12
additional stream-gage sites in these basins, and then comparing the simulated
and observed streamflow data for the new basins.

Time series of precipitation, PET, and streamflow were obtained during the
1987-88 water years in three additional basins--Lower Puget Sound, Hylebos
Creek, and East Lake Sammamish--to provide data for this wvalidation effort
(fig. 1). These basins are also representative of the characteristics found
throughout the study area as a whole. Precipitation data were collected at 8
sites and streamflow data were collected at 12 sites in these basins.
Estimates of PET were obtained as described for the basins used for
calibration. Estimates of instantaneous peak discharge and observations of
lake stage were also obtained at 27 sites and 21 lakes, respectively, in these
basins. The validation part of this study is currently (1989) under way.
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CHARACTERIZATION OF RAINFALL-RUNOFF RELATIONS

In characterizing rainfall-runoff relations, it is useful to examine
separately the mechanisms that generate runoff from the undisturbed parts and
from the disturbed, or developed, parts of the study area. Combined, these
mechanisms control the rainfall-runoff relations of the study area as a whole,
and a clear understanding of them is needed for successful hydrologic
prediction.

In the undisturbed parts of the study area, four generally accepted
mechanisms may generate runoff from rainfall (Pearce and others, 1986). These
mechanisms are called Horton overland flow, subsurface flow, ground-water
flow, and saturation overland flow. The physiographic and climatic
characteristics of the study area determine which mechanism occurs in
different settings.

Horton overland flow is generated from rain falling at a rate greater than
the infiltration rate of a soil. It is the classical theory of runoff,
wherein soils become saturated from the top downward. The 2-year, l-hour
rainfall intensity that falls on the study area is about 0.4 inches per hour,
and the 100-year, l-hour intensity is about 1.0 inch per hour (U.S. Department
of Commerce, 1973). These rates are well below the saturated hydraulic
conductivities of 2 to 6 inches per hour that are attributed to the soils that
cover most of the study-area (U.S. Department of Agriculture, 1973; 1983).
Saturated hydraulic conductivity could be considered the minimum infiltration
rate expected of a soil (Snider and Miller, 1985), so it is unlikely that
Horton overland flow is an important runoff mechanism in the undisturbed part
of the study area. .

Subsurface flow is generated from rapid infiltration of rainwater and
subsequent shallow-subsurface transmission of this water. This mechanism is
commonly associated with hillslopes underlain by nearly impermeable substratum
and covered with shallow, highly permeable soils. About two-thirds of the
study area is underlain by basal till with a saturated hydraulic conductivity
less than 0.06 inch per hour, covered by 30-inch-deep soils with saturated
hydraulic conductivities of at least 2.0 inches per hour (U.S. Department of
Agriculture, 1973; 1983). Transmission of subsurface flow is directly
proportional to the angle of the slope, but rates of transmission in the study
area are probably much slower than any type of overland flow, even on the
steepest slopes. However, because the subsurface water most likely flows
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